Analysis of the cellular distributions of coenzymes including NADH may aid in understanding a cells metabolic status. We altered serum concentration (0%, 2% and 10%) to induce living myoblast cells to undergo the early stages of differentiation. Through microscopy and phasor-FLIM, we spatially mapped and identified variations in the distribution of free and bound NADH. Undifferentiated cells displayed abundant free NADH within the nucleus along with specific regions of more bound NADH. Complete serum starvation dramatically increased the fraction of bound NADH in the nucleus, indicating heightened requirement for transcriptional processes. In comparison, cells exposed to 2% serum exhibited intermediate free nuclear NADH fraction. Overall our results suggest an order of events in which a cells metabolic status alters significantly during the early stages of serum induced differentiation.
INTRODUCTION
We have used the differences in fluorescence lifetime between the states of protein ligation of the coenzymes Nicotinamide Adenine Dinucleotide (NADH), Nicotinamide Adenine Dinucleotide Phosphate (NAD(P)H) and Flavin Adenine Dinucleotide (FAD) as an indirect method for determining a living cells metabolic status (Stringari and others, 2011) . Alterations in the spatial distribution of the aforementioned cofactors often correlate with variations in cellular metabolic states and metabolite concentration (Fjeld and others, 2003; Stringari and others, 2011) . The role of NADH has been examined, with its presence in different cellular compartments affecting overall functionality. Within the nucleus, interaction of NADH/NAD + with regulatory proteins including the repressor protein CtBP ultimately influences transcriptional behavior (Kim and others, 2005; Lejeune and Ladurner, 2005) . NADH has also been implicated in regulatory processes associated with histone acetylation which in turn influences a cascade of replicative processes (Ghosh and others, 2010; Kim and others, 2005; Lin and Guarente, 2003; Skala and others, 2007) .
Methods to assess such regulatory mechanisms may benefit areas including cancer pathology, pharmacological development and neurodegenerative studies (Heikal, 2010) . In previous investigations, discrimination of metabolic cofactors has occurred through the use of single photon redox fluorometry (Currie and others, 1966) ; however, this process may induce autofluorescent photobleaching (Huang and others, 2002) . Multiphoton microscopy (MPM) mitigates photobleaching as well as maintaining cell viability (Huang and others, 2002) , increasing the prospect of real time visualization of live cell metabolic dynamics.
The development of FLIM (Fluorescence Lifetime Imaging Microscopy) techniques have enabled minimal differences between the protein bound and protein free form of NADH to be detected (Huang and others, 2002) . Further, the presence of FAD/NADH may be optically resolved or selectively excluded with the aid of a cut off filter and separate collection channels (Wright and others, 2012) .
Through the phasor approach to FLIM we identified differences in the detectable concentration ratio of NADH in both the free form and bound to proteins or organelles when comparing cellular compartments; nuclear and cytoplasmic regions. Unlike other FLIM techniques, the phasor approach requires no fitting to exponentials, with each data point in the phasor representing an experimental point (Gratton and others, 1984a; Gratton and others, 1984b) .
We exploited the dynamics of progenitor myoblast cells through inducing the early stages of cell differentiation by serum starvation in order to provoke natural alterations in NADH behavior and quantity during the early stages of cell development. To excite the autofluorescent properties of NADH, MPM with excitation at 740 nm was utilized with an emission filter to selectively separate autofluorescent FAD. We identified distribution differences in free and bound NADH in all three tested ranges of serum concentration (0%, 2% and 10%) with relevance to spatial positions including the nucleus, nucleolus and cytoplasm.
RESULTS
The application of phasor-FLIM in combination with MPM allows for potential real time analysis of metabolic components within living cells. Before applying the phasor approach, the expected spatial distribution of the desired species must first be determined. We identified regions in the phasor plot of pixels cluster with cellular relevance (Fig. 1 colored  circles) and created a phasor fingerprint for both free and bound NADH as depicted in Fig.  1 .
For all cellular data, analysis of intensity images ( Fig. 2A, D , 3A, D and 4A, D) revealed clustering of NADH mainly within the cytoplasm. However we are not able to distinguish NADH subtypes based only on fluorescence intensity, irrespective of the cells differentiation state. Through the phasor FLIM analysis, regions of various abundances of bound and free NADH forms were determined at a pixel level enabling the extraction of further information from the intensity images. Manual selection of clustered distributions within a phasor plot occurred through the use of a circular cursor as shown in Figure 1 . This selection enabled clear discernment of NADH subtypes. In the phasor-FLIM analysis, undifferentiated myoblasts exposed to 10% serum (10%S) exhibited larger fraction of free NADH in the nucleus with the emergence of a pattern (green=less bound and red=more bound as per the color code of Fig. 1 ) indicating the free and bound NADH cluster in the nucleus.
Distinct patterns in individual cells were identified. Within the tested serum ranges, 10%S cells exhibited clear definition of nuclear (red and green pixels) and cytoplasmic (blue pixels) compartments with NADH free and bound relative variations between nuclear and nucleolus (red and green) regions evident.
Within cells induced to undergo the early stages of differentiation through complete serum starvation (0%ED), bound NADH within the cytoplasmic regions was evident (Fig. 3B , E) while there was still free NADH detected within the nucleus which again showed regions of less bound concentration in the nucleolus (Fig. 3B , E).
At a 2% serum concentration to induce the early stages of differentiation (2%ED), a decrease in the quantity of free NADH which influenced overall co-localization of free and bound NADH within the nucleus was apparent (Fig. 4 A, B) while there was at times an increase in free NADH within the cytoplasmic periphery. Differentiation between each region according to the colour scheme of figure 1 (blue more bound, red, intermediate and green less bound) was still evident with nucleolar discrimination still the most apparent.
The overall phasor histogram of the 10%S cells (Fig. 5A , N=6 cells), produced through an analysis of the phasor distribution plots, showed a bimodal distribution indicating potential differentiation of NADH states in cellular compartments. A decrease in the concentration of serum to 0% lead to the phasor histogram bimodal distribution being no longer evident (Fig.  5B) . At 2% serum concentration, the bimodal distribution in the phasor histogram was still no longer apparent (Fig. 5C ) coinciding with previous serum induced differentiation (Fig.  5B) . It was further identified that there was a shift in the phasor distribution at each serum concentration towards a longer lifetime distribution (to the left of the phasor plot).
For the direct comparison of all regions, analysis of the variations in serum concentrations examined were combined in a single scatter plot in order to assess structural differences in the detected phasor distributions. As presented in the average phasor distribution plot in Figure 6 , differences in the spatial location of the phasor values were identified. For 10%S cells, the phasor distribution clusters were positioned on the right side of the phasor plot for both the nuclear (light green circle) and nucleolus (light blue diamond) regions. In the cytoplasm (pink square) the phasor distribution shifted toward the left (more bound NADH). For the 0%ED treated cells, a substantial overall shift of the phasor distribution towards the left was apparent in the nucleus (green circle) with a slight shift also toward the left in the cytoplasm (red square). The nucleolus (dark blue diamond) exhibited shifts towards the left (more bound NADH) when compared to that of 10% serum exposure. The 2%ED cells overall exhibited shifts towards the left in all analysed regions (nucleolus; purple diamond, nucleus; dark green circle and cytoplasm; orange square). Cell variances (N=6) are presented for all areas as circular or oval lines.
DISCUSSION
Here we show that the phasor approach to FLIM provides a label-free means to identify the states of differentiation of the cell using the autofluorescence of the metabolic coenzyme NADH. We further show that a phasor FLIM analysis enables not only the distinction of cellular compartments with respect to NADH but also provides a possible means for the identification of the early stages of cell differentiation in myoblast cells and potentially other cell types. Previously, discrimination between metabolic coenzymes has proven difficult (Huang and others, 2002) however, the phasor approach enables identification of enzyme differentiation states including those of both free and bound NADH through a lifetime analysis (Stringari and others, 2011; Wright and others, 2012) . The phasor approach exploits all of the autofluorescent properties of the reduced form to enable comparison between oxidative states. The theoretical lifetimes for both free and bound NADH are 0.4 ns and 3.2 ns respectively (Stringari and others, 2011; Wright and others, 2012) .
In all of the tested serum ranges (0%, 2% and 10%), there were identifiable patterns and changes in spatial distribution, quantity and co-localization of both bound and free NADH. In a phasor-FLIM analysis, the 10%S cells exhibited an abundance of free NADH within the nucleus coupled at times with a co-localized pattern where the free NADH appeared to be in close proximity to bound NADH (Fig. 2B, E) . We propose the observed quantity of free NADH within the nucleus may indicate reduced nuclear activity with respects to replication, chromatin remodeling and transcriptional activity. Free NADH within the nucleus is known to interact with multiple regulatory proteins including CtBP, Silence Information Regulator 2 (Sir2) and Sirtuin 6 (Sirt6) (Fjeld and others, 2003; Ghosh and others, 2010; Kim and others, 2005) . The aforementioned species influence NADH interaction through mechanisms including histone acetylation, transcriptional repression and gene regulatory mechanisms. It is possible that previous in vitro analyses (Kim and others, 2005) of these regulatory proteins with respect to NADH concentration coincide with the observed NADH patterns presented in this work. A phasor plot analysis of 10%S cells (Fig. 2) enabled the clear separation of the assessed cellular regions (nucleolar, nuclear and cytoplasmic).
The 0%ED cells displayed a high abundance of bound NADH which appeared to be mainly localized in the nuclear region (Fig. 3) . The distinction of the nucleolar region in the phasor plots (Fig. 3C, F ) became more apparent in these cells due to the increase of bound NADH within the nuclear region. There was also an observed decrease in bound NADH in the cytoplasmic periphery indicating a shift towards cellular respiratory mechanisms including the production of energy in the form of ATP (Schultz and Chan, 2001) . Interestingly, the compartmentalization of the free/bound NADH in the nucleus appeared to increase when compared to the 10%S cells, indicating a possible increase in the cells replicative and transcriptional activity at this stage in cell development.
As serum exposure decreased, changes in both the quantity and spatial distribution of both free and bound NADH became apparent. For the 2%ED cells, a decrease in both the quantity and as a result co-localization of free and bound NADH within the nucleus was evident (Fig.  4) . The decrease in the observed quantity suggests the replenishment of the cells free NADH within the nucleus through salvage pathways (Lin and Guarente, 2003) is still required for future replenishment of nuclear NADH levels but may not be a central focus at this stage of development. The salvage pathways in live cells indirectly result in an increase in NADH levels through both NAD replenishment and oxidative reactions (Lin and Guarente, 2003) . There was a shift towards a large fraction of the bound form for all regions in the distribution plot analysis (Fig. 5) .
The average phasor histogram in each of the conditions analyzed was definitively different. For the 10%S cells, the histogram was bimodal indicating a large compartmentalization for the cytoplasm with respect to the nucleus (Fig. 5A) . As the volume of serum decreased, a spatial shift in phasor became apparent. At both 0%S and 2%S, the bimodal distribution of the histogram was not observed inferring regional differences of NADH compartmentalization became less evident.
The combination of all measured cells into a single scatter plot (Fig. 6 ) enabled the identification of spatial shifts in phasor clusters throughout all of the analyzed regions. Overall there was a linear increase of the bound form of NADH nuclear regions at the early stages of differentiation due to the shift towards a longer lifetime. The distribution for the nucleolar region of the 0%ED and 10%S cells exhibited similarity however there was an observed shift of the nucleolar region of the 2%ED cells towards a bound form of NADH when the serum differences were compared. Cytoplasmic distributions displayed consistent clustering for all three tested ranges.
Phasor plot representation enabled the identification of not only significant bound/free fractional contribution of NADH differences in the three examined regions; nuclear, nucleolar and cytoplasmic ( Fig. 2 and Fig. 3 ) but also distribution differences at the nuclear periphery (more red pixels in the nuclear periphery).
Overall, this data suggest a highly organized order of events in which a cells metabolic status significantly alters during the early stages of serum induced cell differentiation. This identification may propose a means by which the early stages of differentiation may be assessed in real time with metabolic relevance using phasor-FLIM. Further, the implementation of a scatter analysis when combined with phasor-FLIM provides a possible means to differentiate between different cellular regions based on the presence of bound and free NADH.
METHODS
The L6 myoblast cell line in an undifferentiated form were brought up from cryopreservation at minimum two days prior to experimental procedures. The cells were cultured in complete DMEM supplemented with 10% FBS, PEN/STREP and maintained in a 37°C, 5% CO 2 humidified incubator. The cells were plated on a 35mm Mat Tek dish coated with Fibronectin (3 °g/mL) 24 hrs prior to imaging. Cells were induced to differentiate through exposure to either 0% or 2% serum at minimum 3 hrs prior to imaging.
All measurements were acquired with the aid of a Zeiss 710 confocal microscope coupled with a Ti:Sapphire laser (Spectra-Physics Mai Tai) and an ISS A320 FastFLIM (FLIMbox). For all FLIM acquisitions, a 40 × 1.2 NA oil objective (Zeiss) or a C-Apochromat 40 × 1.2 NA W Korr M27 objective were used with a pixel resolution of 256 × 256 and a scan speed of 25 μs/pixel. The excitation wavelength was set to 740 nm (maximum 10%). Light from the laser was excluded by a 690 nm dichroic filter. Fluorescence was detected through the use of a photomultiplier collecting a bandwidth of 416 -730 nm.
A fluorescein solution (30 nM) in 0.1 M NaOH was used to calibrate the system against a known single exponential lifetime of 4.04ns. FLIM data, acquired through the SimFCS Globals software, was collected for a minimum of 120 counts with typical acquisition occurring in a 3-4s timeframe.
The theory behind FLIM has been described previously (Digman and others, 2008; Stringari and others, 2011; Van Munster and Gadella, 2005) however in brief, in the approach for time domain FLIM, the sine and cosine transformations of the decay curve are used to determine the phasor at every pixel. The transforms are then plotted on the phasor plot. The two component algorithm used to calculate the g and s coordinates for the phasor plot are presented below where i and j represent the position of a pixel within the data points. ω is the frequency where ω = 2πf. In the frequency calculation, f is the repetition rate of the laser (often 80 MHz). The coordinate `g' represents the x-axis while the coordinate `s' represents the y-axis.
(1)
The universal circle is a semi circle within the phasor plot which represents all of the possible single exponential lifetimes which may be calculated using equation 2 where τ is the lifetime of the component and ω is the frequency of the laser. Color scheme for free/bound NADH. The blue color corresponds to pixels which has a large fraction of bound NADH while the green pixels correspond to more free NADH, Red is intermediate. Large fraction of bound NADH (blue pixels) is found in the cytoplasm while lower fraction of bound NADH (red and green pixels) is found in the nucleus. Figure 1 . Note the high abundance of free NADH within the nucleolus (yellow circle and green coded pixels). The `S' and `G' coordinates are the sine and cosine transform respectively as given in the method section. FLIM analysis of bound/free NADH myoblast cells. Intensity image (A) and FLIM image (B, according to the colour scale in Figure 1 ) of a cell induced to undergo the early stages of differentiation in 2% serum. The phasor plot (C) corresponds to the cell in A with nuclear (red pixels), nucleolus (green pixels) and cytoplasmic (blue pixels). Comparison of the average phasor histogram distribution at three serum concentrations. The phasor histogram of cells exposed to 10% serum shows a bimodal distribution not evident in the other tested ranges. As the serum concentration was decreased to either 0% serum and 2% serum, the phasor histogram shifted towards the direction of the bound NADH. Localization of distribution points within different cellular regions for all tested serum concentrations through a scatter analysis. An average of the color coded points of localization for each region (nucleolus, nucleus and cytoplasm) is presented for the analyzed cells (N= 6). The variance is indicated by the bold color coded lines.
